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Abstract: A comprehensive assessment of indoor environmental conditions is performed on a
representative sample of classrooms in schools across southern Spain (Mediterranean climate) to
evaluate the thermal comfort level, thermal perception and preference, and the relationship with
HVAC systems, with a comparison of seasons and personal clothing. Almost fifty classrooms were
studied and around one thousand pool-surveys distributed among their occupants, aged 12 to 17.
These measurements were performed during spring, autumn, and winter, considered the most
representative periods of use for schools. A new proposed protocol has been developed for the
collection and subsequent analysis of data, applying thermal comfort indicators and using the most
frequent predictive models, rational (RTC) and adaptive (ATC), for comparison. Cooling is not
provided in any of the rooms and natural ventilation is found in most of the spaces during midseasons.
Despite the existence of a general heating service in almost all classrooms in the cold period, the use
of mechanical ventilation is limited. Heating did not usually provide standard set-point temperatures.
However, this did not lead to widespread complaints, as occupants perceive the thermal environment
as neutral—varying greatly between users—and show a preference for slightly colder environments.
Comparison of these thermal comfort votes and the thermal comfort indicators used showed a better
fit of thermal preference over thermal sensation and more reliable results when using regional ATC
indicators than the ASHRAE adaptive model. This highlights the significance of inhabitants’ actual
thermal perception. These findings provide useful insight for a more accurate design of this type of
building, as well as a suitable tool for the improvement of existing spaces, improving the conditions
for both comfort and wellbeing in these spaces, as well as providing a better fit of energy use for
actual comfort conditions.
Keywords: indoor environmental quality; schools; thermal comfort; field experiments; climate;
occupant satisfaction
1. Introduction
Nonuniversity schools are one of the most common and widespread building typologies.
Given their constant use over long hours and the sensitivity of their occupants, indoor thermal
comfort must be guaranteed [1].
In the early days of thermal comfort model theory [2–5], a series of combined studies was carried
out on preschool, elementary, and secondary school classrooms in the United States and the United
Kingdom in order to assess the thermal sensation of the occupants. Significant differences were
observed between the thermal preference of children and teenagers and that of adults [6–9], including
differences in metabolic rate values and the difficulty encountered by pupils—especially those under
11—in understanding the questions. It was established that a new approach was required as the use of
Sustainability 2019, 11, 3948; doi:10.3390/su11143948 www.mdpi.com/journal/sustainability
Sustainability 2019, 11, 3948 2 of 23
thermal indicators developed was not valid for nonuniversity classrooms, beyond allowing a relative
comparison between different environments and thermal systems.
The review of thermal comfort in educational buildings performed by Zomorodian et al. [10] from
1969 to 2015 also found that previous studies argued that Rational Thermal Comfort (RTC) models,
many of which were described in EN 15251: 2007 [11], could not predict the thermal comfort level
in nonuniversity classrooms accurately. This was due, among other factors, to the wide disparity in
thermal neutralities in the same climate zones and educational stages. Thus, research by Mors et al. [12]
in Dutch primary schools (up to 11 years old) concluded that a significant difference was observed
between the students’ mean thermal sensation vote (TSV) and that calculated using thermophysiological
parameters such as the predicted mean vote [5] (PMV) indicator, since this indicator underestimated
the real thermal sensation by over 1.5 points in its thermal scale of −3 to +3. Finally, adaptive thermal
comfort (ATC) indicators showed higher temperature limits than those reported by the students.
Studies by Corgnati et al. [13], Fabbri [14], and De Giuli et al. [15,16] in classrooms in northern
Italy, by Teli [17,18] in UK primary schools, and by Hyunjun et al. [19] in Korean nursery schools
obtained similar results to those of Zomorodian [10] and Mors [12]. In addition, a microclimate
study carried out by De Giuli [16] inside four classrooms showed major divergence in relation to the
thermal sensation results and clothing insulation levels reported in the survey, with no correlation to
relative position inside the classrooms. However, given the young age of the students (9–11), clothing
insulation was evaluated through direct observation instead of questionnaires. The thermal discomfort
results obtained near the outer walls were higher than in the rest of the classrooms, and it was also
found that the higher the classroom’s outer envelope surface, the higher the thermal dissatisfaction
of the occupants. No clear correspondence was observed between the occupants’ thermal sensation
and the indoor environmental parameters, further supporting the inherently subjective nature of
environmental comfort.
Once the ATC model was developed, several studies were performed in schools using ATC
indicators. However, as in the case of the RTC model, only a few studies revealed good approaches
between predictions and TSV [10]. Therefore, the comparisons between RTC and ATC results from the
distribution of surveys in schools are complex, given the difficulties in evaluating input parameters
such as clothing insulation or metabolic rate values or in understanding the questions (especially by
young students).
In order to improve the RTC model to be able to deal with adaptation phenomena, especially for
naturally ventilated spaces, Fanger et al. [20] developed an extension of the predicted mean vote (PMV)
model for non-conditioned spaces, incorporating an “expectancy factor” coefficient which solves the
PMV overestimation of TSV due to low expectations and high metabolic rate values under warm
conditions [21,22].
In keeping with this, d’Ambrosio et al. [23] performed a thermal comfort study with 200 Italian
naturally ventilated classrooms and more than 4000 students. This study obtained an expectancy factor
value of 0.9 for PMV for Mediterranean climate schools.
Objectives
The main aim of this research is the comprehensive assessment of the indoor environment of
typical classrooms in primary and secondary schools (aged 12–17 years) across a wide area of southern
Spain. Thermal comfort level, thermal perception, and the relationship with HVAC systems, comparing
seasons and personal clothing, have been evaluated and the indoor conditions indexes derived: the
thermal sensation vote (TSV) and the thermal preference vote (TPV) of occupants, depending on
clothing insulation level and season. The actual thermal comfort level determines the efficiency of the
thermal exchanges produced by different heating, ventilation, and air-conditioning (HVAC) systems.
Data were obtained using on-site measurements and surveys during a type day in winter and
spring and autumn (midseason) conditions, as more representative of normal use, on a sample of
almost one hundred classrooms selected from the four most representative climate subzones in the
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Mediterranean area. Study in summer conditions was ruled out, given that schools close for holidays for
most of the summer and that the effect of this use is negligible on the actual performance. This analysis
was therefore performed using both rational (RTC) and adaptive thermal comfort (ATC) indicators.
As a secondary objective, a comparison was performed between the thermal sensation vote
(TSV) obtained from surveys and some of the existing main thermal comfort indicators, calculated
from measurements, including the predicted mean vote (PMV) [5] and ASHRAE ATC indicator [24].
This study also incorporated an ATC indicator optimized for the climate of the Iberian Peninsula for
its comparison.
2. Materials and Methods
The thermal behavior of several multipurpose classrooms was analyzed during a normal school
day in all the schools (ages 12–17). Two data collection sets were established on each of the school
days in winter and in midseasons: early morning at the beginning of the school-day and before the
midmorning break.
A set of thermal indicators was generated from the data collected to evaluate the thermal comfort
level of these spaces and the factors that influence them.
Both thermal indicators and data collected were treated and statistically analyzed.
2.1. Selection of the Study Sample
In the selection of the sample, different factors have been taken into consideration, particularly
those with greater weight in thermal response, thus ensuring an accurate population representation
of the sample: building type, climatic area, envelope characteristics, and indoor load presence. The
most common building typology in the area is a detached building with linear or comb shape, either
elementary/primary (C.P.E.I.P.) or secondary/high schools (I.E.S.). The characteristics of buildings
erected since 2006 are in compliance with the Spanish Technical Building Code (CTE) [25], especially as
regards energy performance—derived from the transposition of the Energy Performance of Buildings
Directive (EPBD). Older buildings constructed under previous regulations are less demanding in their
energy control, often resulting in a considerable lack of envelope thermal insulation.
In general, the climatic area of Andalusia can be defined as a temperate climate of warm summers
or Mediterranean climate (Köppen Csa). Subregional variants found within it include cold to temperate
areas in winter (types C, B, or A), as well as warm or average summers (four or three) so that Spanish
energy performance zoning [26] is of interest when identifying and representing within the sample. All
the main climate areas in southern Spain [27], A4, B4, C3, and C4, are covered, with their equivalence
according to the Köppen climate classification [28] (Table 1).
For each case under analysis, a set of classrooms was selected: multipurpose classrooms measuring
approximately 50 m2 in compliance with Andalusian standards for school facilities [29]. Average
occupation is 30 students (plus teacher) with dimensions around 7.70 × 6.00 m and 3.00 m high, with
windows to the left of the seats. The space is usually defined by horizontal and vertical partitions
between classrooms of similar size and use, and a common access corridor (Figure 1).
In order to homogenize the operational conditions, cases with the greatest interest for the future
were chosen, including a sizable sample of computer-equipped classrooms which are part of the
Spanish “Escuela T.I.C. 2.0” program [30]. All schools are heated by hot water (HW) radiators [30],
with some options for cooling. Schools in southern Europe have traditionally relied on window
opening and uncontrolled infiltrations through the building envelope for ventilation. Although the
Spanish standard on Thermal Installations in Buildings (RITE) [31] establishes the mandatory use
of mechanical ventilation in nonresidential buildings, these systems are seldom operated in schools
equipped with them.
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Table 1. Classroom sample from each of the subclimate zones.
Köppen
Climate
Zone
Climate Subzone
Construction
Year
Municipality
(Province)
Educational
Institution
Type
Classes
under Study
Number of
Surveys Seasons(Spanish CTE)
Winter Summer
BSk A 4
2008 Almería(Almería)
Primary
School 4 89 Midseasons
2009 Almería(Almería)
Primary
School 4 0 Midseasons
Csa B 4
2010 Aljaraque(Huelva)
Secondary
school 10 185
Winter and
midseasons
1987
Dos
Hermanas
(Seville)
Secondary
school 5 228
Winter and
midseasons
2010
Dos
Hermanas
(Seville)
Primary
School 6 40 Winter
Csa C 3
2009
Churriana
de la Vega
(Granada)
Secondary
school 7 304
Winter and
midseasons
2010 Cullar Vega(Granada)
Primary
School 3 0 Winter
1973 Guadix(Granada)
Secondary
school 3 58 Winter
Csa C 4 2008 Jaén (Jaén) PrimarySchool 4 73 Winter
Total 46 977
 
4 
Table 1. Classroom sample from each of the subclimate zones. 
Köppen 
Climate 
Zone 
Climate 
Subzone Construction 
Year 
Municipality 
(Province) 
Educational 
Institution 
Type 
Classes 
under 
Study 
Number 
of 
Surveys 
Seasons (Spanish CTE) 
Winter Summer 
BSk A 4 
2008 
Almería 
(Almería) 
Primary 
School 
4 89 Midseasons 
2009 
Almería 
(Almería) 
Primary 
School 
4 0 Midseasons 
Csa B 4 
2010 
Aljaraque 
(Huelva) 
Secondary 
school 
10 185 
Winter and 
midseasons 
1987 
Dos 
Hermanas 
(Seville) 
Secondary 
school 
5 228 
Winter and 
midseasons 
2010 
Dos 
Hermanas 
(Seville) 
Primary 
School 
6 40 Winter 
Csa C 3 
2009 
Churriana de 
la Vega 
(Granada) 
Secondary 
school 
7 304 
Winter and 
midseasons 
2010 
Cullar Vega 
(Granada) 
Primary 
School 
3 0 Wi ter 
1973 
Guadix 
(Granada) 
Secondary 
school 
3 58 Winter 
Csa C 4 2008 Jaén (Jaén) 
Primary 
School 
4 73 Winter 
Total  46 977   
 
 
 
Figure 1. Multipurpose classroom following design standards for educational institutions. 
2.2. Characterization and Measurements 
All the construction and morphological building specifications and running conditions were 
compiled to establish the boundary conditions of the analysis.  
The composition of two of the most common walls of the classrooms under study is shown in 
Table 2, using the examples of a center built following CTE standards and another predating this 
regulation (2006). 
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Table 2. Classroom wall composition sample (with and without CTE standards).
Composition Transmittance U(W/(m2K)) Thickness (cm)
Facade
(predating CTE)
Cement mortar (1.5 cm); 6 inch perforated
metric brick (11.5 cm); air chamber without
ventilation (5 cm); simple hollow brick wall
(5 cm); plaster cladding (1.5 cm).
1.42 24.5
Facade
(with CTE)
Cement mortar (1.5 cm); 6 inch perforated
metric brick (11.5 cm); air chamber without
ventilation (3 cm); Mineral wood (4 cm);
2× laminated plasterboard (1 cm).
0.50 22.0
Alongside the classroom’s characterization and operation, the physical parameters relating to
thermal comfort [32] were measured in multiple locations, both outdoor and indoor [33] (Figure 2 and
Table 2).
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Relative humidity (RH) % Testo 0635.1535 (Capacitive) ±2% 
Air velocity (Va) m/s Testo 0635.1535 (Hot wire) ±0.03 m/s 
Data acquisition system - Data Logger Testo 435-2 - 
Thermography °C FLIR thermacam b4 ±2.0 °C 
All the instruments listed comply with the minimum requirements of ISO 7726 [34] for class C 
(comfort). 
Table 4 shows the measured values of one of the classrooms under study with hot water 
radiators and a partially open window in the back (A5 position). 
Table 4. Measured values in a classroom of a secondary school in Seville in winter conditions. 
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etailed infor ation on characteristics of instru ents used is presented in Table 3.
able 3. haracteristics of sensors used.
Parameter Units Sensor Uncertainty
Air temperature (Ta) ◦C Testo 0635.1535 (PT100) ±0.3 ◦C
Surface temperature (ts) ◦C Testo 0602.0393 (Thermocouple type K) ±0.3 ◦C
Mean radiant
temperatu e (tr)
◦C Testo 0602.0743 (Globe probe withThermocouple type K) ±0.3
◦C
Globe temperature (tg) ◦C Testo 0602 0743 ±1.5 ◦C
Relative humidity (RH) % Testo 0635.1535 (Capacitive) ±2%
Air velocity (Va) m/s Testo 0635.1535 (Hot wire) ±0.03 m/s
Data acquisition system - Data Logger Testo 435-2 -
Thermography ◦C FLIR thermacam b4 ±2.0 ◦C
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All the instruments listed comply with the minimum requirements of ISO 7726 [34] for class C
(comfort).
Table 4 shows the measured values of one of the classrooms under study with hot water radiators
and a partially open window in the back (A5 position).
Table 4. Measured values in a classroom of a secondary school in Seville in winter conditions.
Parameter Type A 1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2 6-1 6-2 Out
Air temperature (◦C) 19.9 20.0 20.0 20.0 19.6 19.7 19.8 19.7 19.2 19.1 19.5 19.5 6.4
Globe temperature (◦C) 20.2 - 20.2 - 20.0 - 19.9 - 20.8 - 20.2 - -
Relative humidity (%) 57.0 57.3 58.2 58.7 58.5 58.2 58.2 58.9 58.5 59.0 58.5 59.1 81.4
Air velocity (m/s) 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Parameter Type B 1 2 3 4 5 6 7 8 9 Floor Ceiling
Mean radiant temperature (◦C)
at 0.6 m (B-1) 16.4 17.2 17.3 16.7 17.0 18.1 14.5 15.9 15.8 15.7 15.8
Mean radiant temperature (◦C)
at 1.7 m (B-2) 17.2 17.6 19.0 17.4 16.5 17.5 16.0 16.5 16.5 - -
The operative temperature for each location (to, in ◦C) [25] was calculated based on air velocity
(va, in m/s), dry bulb air temperature (Ta, in ◦C), and mean radiant temperature (tr, in ◦C) from black
globe temperature (tg, in ◦C), globe diameter (D, in m), and emissivity (ε, dimensionless; 0.95 for black
globe), using Equations (1), (2) [4], and (3) [35]:
To = A·Ta + (1−A)·tr (1)
A =

0.5 i f Va < 0.2 m/s
0.6 i f 0.2 m/s ≤ va < 0.6 m/s
0.7 i f 0.6 m/s ≤ va < 1.0 m/s
(2)
tr =
[(
tg + 273
)4
+
1.10·108·v0.6a
ε·D0.4 ·
(
tg − ta
)] 14
− 273 (3)
The personal perception of the thermal environment was evaluated and the physical parameters
measured using thermal comfort surveys according to the Spanish version of Standard ISO 10551 [36],
where the essential values affecting the determination of thermal comfort indicators correlate with
their position in the classrooms. The main parameters of perception and personal experience analyzed
include gender and age, thermal sensation vote (TSV), thermal comfort level, thermal preference vote
(TPV), vertical air temperature gradient sensation, acceptability/unacceptability of the local thermal
environment, clothing worn, and occupant location in the classroom.
When strange answers were found for the multiple choices for the same question, the survey was
ignored and excluded from the analysis process.
A total of 977 students were surveyed during the measurements on site (Table 5).
Table 5. Statistical data of students participating in the measurement campaign.
Students Students per Classroom Percentage
Students surveyed 977 21.2 -
Male students surveyed 504 10.9 (51.6%)
Female students surveyed 473 10.3 (48.4%)
2.3. Thermal Comfort Indicators
To improve the comparison of the data obtained, both subjective (thermal comfort surveys) and
objective (environmental parameter measurement and insulation clothing level) data were analyzed
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using thermal comfort indicators. This is in compliance with the recommendations of ISO 15265 [37],
ISO 7933 [38], EN ISO 7730 [39], and EN ISO 11079 [40] standards on Ergonomics of the thermal
environment, which allow common parameters to be established according to the thermal sensation
experienced by humans (Table 6).
Table 6. Thermal comfort indicators.
Fanger method Predicted Mean Vote PMV [5,21,39]
Predicted Percentage of Dissatisfied PPD
Local discomfort Local thermal discomfort due todraught rate DR [39]
Required clothing
insulation (IREQ)
Maintaining thermal equilibrium with
high physiological response (IREQminimum) [40–45]
Maintaining thermal equilibrium
without physiological response (IREQneutral)
Adaptive comfort index
ASHRAE ATC indicator [25]
Matias’ ATC indicator, optimized for
the climate of the Iberian Peninsula. [46,47]
The metabolic rate value considered for these calculations was 1.30 met for teenagers as described
in previous studies [24–41], given that the metabolic rate values and methods of ISO 8996 focus on
adults [42]. The clothing insulation values were obtained from the clothing worn by the occupants
as described in the surveys, later quantified according to EN ISO 7730 [39] and EN ISO 9920 [43],
and corrected according to Havenith et al. [41] for seated occupants, Icl < 1.84 clo and air velocities
<0.15 m/s.
This later index, developed by the National Laboratory for Civil Engineering of Portugal, was
chosen instead of the ACA [48] and CEN [11–49] ATC indicators because it is a variant of the ASHRAE
ATC indicator [25]. This was specially adapted to Mediterranean climate conditions (Iberian Peninsula)
and many of its surveys and measurements on site were developed in schools. Its main strength is that
it can be applied both for thermal controlled spaces and free-running conditions.
The predictor indexes are calculated based on the data measured for each survey node (A points)
of Figure 2 (Ta, RH, Va, tr, to) allowing average classroom value and standard deviation to be calculated.
3. Results and Discussion
The main results of the study, part of a PhD dissertation [50], are grouped into four sections:
• Room characteristics.
• Objective thermal parameters.
• Occupants’ clothing thermal insulation.
• Thermal environment evaluation.
3.1. Room Characteristics
On a building level, regional educational institutions under study have an envelope with thermal
bridges through slabs and pillars which account for energy losses (Figure 3). However, given their
limited scale, a thermography study according to EN 13187: 1998 [51] shows no significant impact on
indoor conditions and heat loss. As regards lighting, direct sunlight entry should not be considered a
significant factor in energy demand as it only enters 10% of the classrooms under study due to the
presence of solar protections. In contrast, artificial lighting was in use in 73% of the classrooms and
disconnected in around 60% of cases when the projector was in use.
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radiators are the most common system for winter heating, with the odd exception in which electric 
heaters are used. Sixty percent of classrooms used heating systems often in winter, with 80% of this 
use concentrated in the morning. There is a strong relationship with climatic subzoning as hot water 
radiators were barely used in zone A, but remained in use over 70% of the time in the case study in 
climate zone C. Moreover, cooling systems were found in only a third of the classrooms studied and, 
in all cases, these were retrofitted direct expansion type. During heating, almost all classrooms kept 
the windows closed (87%), so that ventilation was not adequate. However, in classrooms without 
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value of 20.5 students per classroo was observed during measurements. In addition, both the
projector and the teacher’s PC were used in 20% of the measurements, while students’ laptops were in
operation in only 12% of these.
Analysis of existing HVAC systems of the institutions under study shows that hot water radiators
are the most common system for winter heating, with the odd exception in which electric heaters
are used. Sixty percent of classrooms used heating systems often in winter, with 80% of this use
concentrated in the morning. There is a strong relationship with climatic subzoning as hot water
radiators were barely used in zone A, but remained in use over 70% of the time in the case study in
climate zone C. Moreover, cooling systems were found in only a third of the classrooms studied and, in
all cases, these were retrofitted direct expansion type. During heating, almost all classrooms kept the
windows closed (87%), so that ventilation was not adequate. However, in classrooms without heating
systems, windows were kept open in 54% of cases. Moreover, 78% of the classrooms measured in this
study kept the windows closed even in midseasons.
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is unable to compensate for. Therefore, existing heating systems do not actually solve the classrooms’
heat losses with the usual standard approaches, an issue shared by all the climate zones under study.
Table 7. Mean objective thermal parameters in classrooms with standard deviations between classrooms.
Where: “To ” is the mean outdoor temperature (◦C); “Ta” is the air temperature (◦C); “tr ” is the mean
radiant temperature (◦C); “Va” is the air velocity (m/s); “to” is the operative temperature (◦C); “RH” is
the relative humidity (%). “AND” is the mean value for Andalusia; “3” and “4” are the mean values for
the TBC climate zones 3 and 4 (midseasons); “A”, “B”, “C” and “D” are the mean values for the TBC
climate zones A, B, C and (winter); “NO COOLING” is the mean value for classrooms with no cooling
treatment in midseasons; “NO HEATING” is the mean value for classrooms with no heating treatment
in winter; “RAD” is the mean value for classrooms heated with radiators in winter.
To (◦C) Ta (◦C)
¯
tr (◦C) Va (m/s) to (
◦C) RH (%)
AND_MIDSEASONS_NO
COOLING 16.9 (σ = 4.3) 22.1 (σ = 3.7) 20.5 (σ = 4.6) 0.00 (σ = 0.00) 21.3 (σ = 4) 43.2 (σ = 7.6)
3_MIDSEASONS _NO
COOLING 16.4 (σ = 0.0) 23.2 (σ = 1.6) 22.0 (σ = 5.5) 0.00 (σ = 0.00) 22.6 (σ = 3.5) 40.6 (σ = 7.6)
4_MIDSEASONS _NO
COOLING 17.0 (σ = 4.8) 21.9 (σ = 4.0) 20.2 (σ = 4.4) 0.00 (σ = 0.01) 21.0 (σ = 4.1) 43.8 (σ = 7.6)
AND_WINTER_NO
HEATING 9.2 (σ = 1.6) 20.2 (σ = 2.1) 18.2 (σ = 3.4) 0.04 (σ = 0.01) 19.2 (σ = 2.6) 51.5 (σ = 5.2)
AND_WINTER_RAD 9.0 (σ = 1.4) 20.6 (σ = 1.6) 20.3 (σ = 2.0) 0.03 (σ = 0.01) 20.5 (σ = 1.3) 51.4 (σ = 4.9)
B_WINTER_NO HEATING 10.3 (σ = 0.4) 20.3 (σ = 2.2) 18.2 (σ = 2.8) 0.05 (σ = 0.01) 19.2 (σ = 2.3) 52.8 (σ = 5.5)
B_WINTER_RAD 10.2 (σ = 0.4) 20.1 (σ = 1.9) 20.2 (σ = 2.2) 0.03 (σ = 0.01) 20.1 (σ = 1.5) 51.9 (σ = 5.1)
C_WINTER_NO HEATING 7.9 (σ = 1.5) 20.0 (σ = 2) 18.2 (σ = 4.1) 0.04 (σ = 0.01) 19.1 (σ = 3.0) 50.0 (σ = 4.7)
C_WINTER_HW RAD 7.9 (σ = 1.1) 21.2 (σ = 0.9) 20.4 (σ = 2.0) 0.03 (σ = 0.01) 20.8 (σ = 1.0) 51.0 (σ = 4.8)
In midseasons, the mean operative temperature in free-running occupied classrooms is around
21.3 ◦C, matching the value recommended by RITE regulation [31] and the typical comfort standards.
The mean air temperature is around 22.1 ◦C, while the mean radiant temperature displays the lower
value of 20.5 ◦C.
3.3. Occupants’ Clothing Thermal Insulation
Responses on occupants’ clothing clearly show two models of behavior, linked to the season
(Figure 4). In winter, the use of clothes presents a certain homogeneity, with an almost normal
distribution of clothing insulation around 0.9 clo (median), a situation common to all the climate
zones analyzed, with almost no variations in clothing, even on warm winter days. In the case of
the intermediate seasons, this response is more variable, with a more skewed and asymmetrical
distribution and less clothing. The median for this season is 0.74 clo, although the most frequent value
is 0.60, with values ranging from 0.4 to more than 1.40 clo (STD of 0.23 clo).
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i t r, there is a more stable response regardless of climatic conditions. This situation is
altered during midseason, with a more direct response to the warm episodes and clearly differentiated
probability curve adjustments. Thi aspect is represented clearly in Figu e 5, where the clothing
insulation variation of the occupants in relat on to the internal operativ temperature is low and
presents a very horizontal trend li e, but with weak adjustment due to high variabil ty. There a
differences between individuals of up to 1.2 clo for the same operativ temperatur (this value is of the
rder f 0.2 clo between the average v lues added per classroom f r the same temp ratu e). In the
case of the mean season, this behavior has a gre te influe ce, which is also scattered, and with more
pr nounced variability than in winter (especially with low operative temperatur s).
is worth noting that while the deviation in clothing insulation betwee th diff rent classrooms
is small, le s than 0.10 clo, it does become significant within rooms, with a range of variation between
0.19 cl in wint r and 0.23 clo in midseason. Data show that in the early hours of the da , cl thing
insul tion usually has a slightly hig er va ue in t e area closest to the windows, but this variability
has no st t stical sig ific nce when compared to the whole room (ANOVA p-value > 0.05), or even in
relation to the inner z e (T-t st > 0.05), so that the actual difference of 0.03 observ d is not rel vant
(95%). Equally, in the afternoon, the differ nce betwe n nner and outer classroom rows does not each
a level f ignific nce (T-t st > 0.05 at 95% confidence), al hough evi e ce shows that the users nearer
e windows tend to have a lower clothing insul tion level (median z-sc re of −0.29 vs 0.11). When
compared to the group as a whole, although there is no significant difference (ANOVA p-value > 0.05),
an underlying tr nd is observe towards slightly lighter clothing (difference of 0.02 clo) in th ows
nearer the windows versus those further away (Fis er’s minimum significant difference LSD 0.349
over a limit of 0.308 between these zones).
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met: (a) individual; (b) classroom aggregated. 
Clothing insulation figures from the sample do not present a good fit to the dynamic 
environmental limits set by the IREQmin and IREQneu —both calculated with the corrections proposed 
by d’Ambrosio et al. [45] and used as partial references, given that the IREQ model was designed for 
operative temperature values below 10 °C. Most of the values are above the minimum reference limits 
Figure 5. Clothing insulation in relation to operative temperature with metabolic rate value of 1.30 met:
(a) individual; (b) classroom aggregated.
Clothing insulation figures from the sample do not present a good fit to the dynamic environmental
limits set by the IREQmin and IREQneu —both calcula ed with the c rrec ions proposed by
d’Ambrosio et al. [45] and used as partial references, given that the IREQ model was designed
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for operative temperature values below 10 ◦C. Most of the values are above the minimum reference
limits and, as a result, the clothing insulation level in most situations may be considered acceptable
at least, with most of the cases located over the neutral line. There is a low/moderate To-clothing
linear correlation—R2 values for both seasons of −0.26 analyzed by occupant and −0.64 if grouped
by classroom—but the IREQ models presented with temperature evolution, used as an approximate
guide, do not converge with the trends of the actual values of To-clothing on both stations, nor is there
a grouping around the line of neutral IREQ that could be expected according to the IREQ model. Based
on the classical interpretation, this situation could result in a certain lack of thermal balance, with some
occupants conserving more energy than required, thus reporting votes outside thermal neutrality areas
and demanding a somewhat cooler environment. Despite this, the mean values of clothing insulation
in relation to operative temperature for winter, midseasons, and the three seasons are very close to
those proposed by IREQneu, as can be seen in Table 8.
Table 8. Comparison of the mean clothing insulation value with IREQneu and IREQmin indicators,
according to operative temperature.
Operative Temperature
(◦C)
Clothing Insulation Value
(clo)
IREQmin
(clo)
IREQneu
(clo)
Annual 21.8 (σ = 1.9) 0.86 (σ = 0.21) 0.49 0.85
Winter 21.5 (σ = 1.3) 0.90 (σ = 0.19) 0.52 0.89
Midseasons 22.7 (σ = 2.7) 0.78 (σ = 0.23) 0.40 0.76
The main conclusion reached is that the habitual models may not allow an adequate prediction for
the degree of clothing to be expected according to the temperature, although the mean of the clothing
insulation value is practically the same as IREQneu, with a deviation of more than 0.20 clo and a
divergence from the trends of the actual values of To-clothing. This divergence introduces uncertainty
in other procedures for the prediction or analysis of the conditions of comfort based on environmental
parameters, as well as in those associated with design strategies of dress systems associated with
comfort and sanitation conditions (i.e., uniforms and school attire). It therefore becomes necessary to
revise these methods and include corrective factors linked to sociocultural aspects, climatic localization,
and specific types of activity (environments where these take place) as Humphreys [52] explained in
his seminal study of the discipline. This has also been discussed in other studies [18,53–55]
3.4. Thermal Environment Evaluation
The thermal environment evaluation was carried out using the thermal sensation vote (TSV),
thermal preference vote (TPV) and the percentage of people who voted acceptance or rejection of
the thermal environment [36], according to surveys and ATC, even taking into consideration their
limitations when describing the thermal environment perception [56–59].
In contrast to what might appear from the reading of the temperatures found in the classrooms, the
acceptance rate is significantly high (82%) with an apparently adequate perception of the characteristics
of the environment by the users. If TSV is used as the initial indicator, most of the occupants—around
88% of TSV votes—also perceive the environment in the environment as thermally neutral (−1 to +1)
in both winter and midseason. Most of these users define the environment as neutral (0) or with slight
deviation—mainly reporting perception as slightly warm (+1). This last aspect may account for the
answer of unacceptability within the +1/−1 band with occupants with little tolerance or, in many cases,
with inadequate adaptation of their clothing to the environment or cross situations where the heating
of the classroom may be connected with inadequate ventilation (Figures 6 and 7).
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Figure 7. Sample of individual ther al sensation vote bands aggregation including acceptability
criterion fro surveys (differentiated by season and global).
Users prefer the f eling of a w rm atmosphere, that is, although thermal neutrality is recognized in
temperatures that are lower than usual and adapted to them, they would prefer an environment where
they could perceive warmth, as they do not consider “neutrality” a ther al value in itself (Figure 8).
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Figure 8. Thermal classroom-aggregated votes related to temperatures: (a) operative temperature [To 
°C], (b) indoor air temperature [Ta °C]. 
In winter, the classroom thermal sensation vote is mostly neutral positive—total mean slightly 
over 0 (with a tendency to perceive the environment as slightly warm—+0.32 on the Fanger 
scale)while the predicted mean vote (PMV) indicator would forecast this thermal environment as 
neutral ±0.00), as can be seen in Figure 9. 
In midseasons, the mean thermal sensation vote is slightly warm (+0.38 on the Fanger scale), a 
value which contrasts with that of the PMV result, which qualifies this thermal environment as 
slightly cold—+0.24.  
Figure 8. Thermal classroom-aggregated votes related to temperatures: (a) operative temperature
[To ◦C], (b) indoor air temperature [Ta ◦C].
In winter, the classr om thermal sensation vote is mostly neutral positive—total mean slightly
over 0 ( it a tendency to perc ive th enviro ment as slightly warm—+0.32 on the Fanger scale)while
th predicted mean vote (PMV) indicator would forecast this thermal environ ent as neutral ±0.00),
as c n be seen in Figure 9.
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In midseasons, the mean thermal sensation vote is slightly warm (+0.38 on the Fanger scale),
a value which contrasts with that of the PMV result, which qualifies this thermal environment as
slightly cold—+0.24.
During the two seasons, classrooms are perceived by the users as slightly warmer spaces than
those predicted by PMV(+ 0.34 against +0.07). In both cases, the standard deviation of TSV is high,
about 0.90 points on the Fanger scale, as Zomorodian et al. [10] stated, and there is no clear correlation
to the relative position in the classrooms, as obtained by Giuli et al. [16], considering that this study was
performed over only four classrooms, with 9–11 year-old students and a metabolic rate value of 1.2 met.
Therefore, the PMV indicator obtained slightly underestimated the students’ TSV. When studying the
correlation between mean thermal sensation vote and the predicted mean vote calculated index, it is
concluded that this is generally very low, with a value of +0.06 when calculated by individual, and
low, with a value of +0.33 when grouped by classroom.
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The occupants’ general thermal preference (TPV) as regards the possible modification of the 
thermal environment in response to their perceived thermal sensation depends on the seasonal 
climate. In the cases studied in winter, the occupants generally wish to maintain exactly the same 
thermal environment (+0.06 on the Fanger scale), despite perceiving it as slightly warm, although the 
deviation within each classroom is quite pronounced, 0.57 (Figure 10). When TPV is reversed to 
emulate thermal sensation vote, TSV (+0.06 is considered as −0.06), its comparison with PMV (with a 
value of ±0.00) presents a better fit than TSV (+0.32). 
In midseasons, the occupants generally prefer a colder thermal environment, with a value of 
−0.20 on the Fanger scale, perceiving this as warm. The preference deviation remains high, 0.56. The 
reverse TPV also fits PMV better than TSV (with a reverse value of +0.20 in contrast to a PMV of +0.24 
and a TSV of +0.38). 
In both seasons, the mean thermal preference, TPV (with a reverse value of +0.01), has a better 
fit to the mean annual value of PMV (with a value of +0.07) than TSV (with a value of +0.34), as can 
be seen in Table 9. In addition, the correlation between thermal preference vote and predicted mean 
vote is very low, as in the case of TSV (a value of −0.08) when it is calculated by student and moderate 
(a value of −0.42) when it is grouped by classroom. In this study, the reverse value of TPV obtains a 
better fit to PMV than TSV. 
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Figure 9. Thermal sensation vote vs, PMV in classrooms by seasons.
ts’ r l t r l r f r ( ) s r r s t ssi l ifi ti f t
t r al environment in response to their perceived thermal sensation depen s on the seasonal climate.
In the cases studied in winter, the occupants generally wish to maintain exactly the same thermal
environment (+0.06 on the Fanger scale), despit perceiving it as slightly warm, although the deviation
within each classroom is quite pronounced, 0.57 (Figure 10). When TPV is reversed to emulate thermal
sensation vote, TSV (+0.06 is considered as −0.06), its comparison with PMV (with a value of ±0.00)
presents a better fit than TSV (+0.32).
I idseasons, the occupants generally prefer a colder thermal environme t, with a value of −0.20
on the Fanger scale, perceiving this as warm. The preference deviation remai s high, 0.56. The reverse
TPV also fits PMV better than TSV (with a reverse value of +0.20 in contrast to a PMV of +0.24 and a
TSV of +0.38).
I t s s s, t t r l r f r c , ( it a reverse val e of + . ), s tt r
fit t t e ea ann al val e of P ( ith a value of + . ) t ( it a value of + . ), s c
e see i able 9. I a iti , t e c rrelati et ee t er al refere ce te a re icte ea
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vote is very low, as in the case of TSV (a value of −0.08) when it is calculated by student and moderate
(a value of −0.42) when it is grouped by classroom. In this study, the reverse value of TPV obtains a
better fit to PMV than TSV.
Table 9. Mean value of clothing insulation, thermal sensation vote (TSV), thermal preference vote
(TPV) and predicted mean vote (PMV).
Clothing Insulation
(clo)
TSV
(−3 to +3)
TPV
(−3 to +3)
PMV
(−3 to +3)
Annual 0.86 clo 0.34 −0.01 0.07
Winter 0.90 clo 0.32 0.06 0.00
Midseasons 0.78 clo 0.38 −0.20 0.24
These mean thermal preferences (TPV), analyzed by climate zone, do not correspond with the
perceived thermal sensations, as research by Teli et al. [17,18] shows.
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Thermal sensation vote can also be related to clothing insulation (Figure 11). It can be seen that 
in winter, people wearing less clothing feel colder, so that clothing insulation thermal perception can 
be interpreted as inverse matching.  
In the case of intermediate seasons, the results are similar, although the range of responses to clo 
is much broader, as indicated in the previous section. 
If comparing the thermal preference vote with clothing insulation, the results are similar; 
occupants with the lowest clo values demand a warmer environment and those with a higher value 
of clo demand a cooler environment, although the values are usually located in the range of −1 and 
1, except in one of the classrooms studied. Occupants’ thermal comfort can thus be controlled with 
small modifications to the clothing insulation which is well adapted to the temperatures experienced. 
When location is added as an analysis factor, it shows no relation with thermal sensation in 
southern Spain (0.007), nor does it affect the possible relationship between thermal sensation and 
PMV. Finally, the seasonal climate interacts slightly with the occupants’ thermal sensation (0.017), 
but barely affects the possible correlation between thermal sensation and PMV. 
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Thermal sensation vote can also be r lated to clothing insulation (Figure 11). It can be se n that in
wi ter, p opl wearing less clothing feel colder, so that clo hing i sulation thermal perception ca be
int rpr ted as inverse matching.
In the case of intermediate seasons, the results are similar, although the range of responses to clo
is much broader, as indicated in the previous ection.
If comparing the thermal preference vot with clothing insulatio , the results are similar; occupants
with the lowest clo values demand a warmer environment and th se with a hig er value of clo d mand
a cooler environment, although the values are usually located in the range of −1 a d 1, except in one of
the classrooms studied. Occupants’ thermal comfort can thus be controlled with small modifications to
the clothing insulation w ich is well adapted to t e temperatures experienced.
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It is also worth noting that, according to the surveys, there is widespread stratification among 
more than 25% of occupants, both in winter and in midseasons, and this is not considered acceptable. 
Figure 11. Clothing insulation vs thermal sensation vote (a) and thermal preference vote (b) in
classrooms by season.
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When location is added as an analysis factor, it shows no relation with thermal sensation in
southern Spain (0.007), nor does it affect the possible relationship between thermal sensation and PMV.
Finally, the seasonal climate interacts slightly with the occupants’ thermal sensation (0.017), but barely
affects the possible correlation between thermal sensation and PMV.
It is also worth noting that, according to the surveys, there is widespread stratification among
more than 25% of occupants, both in winter and in midseasons, and this is not considered acceptable.
Actual perception and comparison with rational (RTC) and adaptive (ATC) comfort models
The mean thermal environment rejection percentage (PDacc) found in regional educational
institutions is very low and homogeneous with a mean value of 0.81 on a scale from 0 (rejection) to 1
(acceptance) in winter conditions (PDacc,winter), with a deviation of ±0.39, and a mean value of 0.85
for midseasons (PDacc,midseason), with a deviation of ±0.36. When this indicator is compared with the
predicted percentage of dissatisfied (PPD), obtained from PMV calculations, as well as the percentage
of dissatisfied developed by d’Ambrosio et al. [23], based on the judgment of ±2 and ±3 TSV values
through Equation (4) [23], it can be seen that most of the votes—grouped by classroom—are included in
the ranges of Equation (4) (Figure 12). However, it should be noted that there is a slight deviation of the
acceptance rate according to the thermal environment sensation, given that there is more acceptance
for slightly warmer environments (R2 = 0.40).
PDacc,d′Ambrosio = 100− 85
(
−0.131·TSV4 − 0.285·TSV2
)
(4)
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Figure 12. Comparison of the percentage of people who voted acceptable/unacceptable according to 
surveys (PDacc) with that predicted by Fanger (PPD from PMV) and that predicted by TSV according 
to d’Ambrosio et al. [23] (PDacc,d’Ambrosio). 
In contrast, when comparing the mean thermal opinion to ASHRAE 55 ATC [24], the 
discrepancy between sensation and ATC prediction is even higher than RTC indicators. However, 
the comparison of Matias’ ATC indicator [46,47] with the mean thermal opinion shows that the results 
are perceived as similar by classroom, despite a slight discrepancy in feeling and similar ATC 
prediction (Figure 13).  
Figure 12. Comparison of the percentage of people who voted acceptable/unacceptable according to
surveys (PDacc) with that predict d by Fanger (PPD from PMV) nd th t predicted by TSV according
to d’Ambrosio et al. [23] (PDacc,d’Ambrosio).
In contrast, when comparing the mean thermal opinion to ASHRAE 55 ATC [24], the discrepancy
between sensation and ATC prediction is even higher than RTC indicators. owever, the comparison
of Matias’ ATC indicator [46,47] with the mean thermal opinion shows that the results are perceived as
similar by classroom, despite a slight discrepancy in feeling and similar ATC prediction (Figure 13).
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i r 13. Adaptive thermal comfort in Andalusian classrooms acc rding to climate z ne,
classroom aggregated.
Therefore, the ATC indicator developed by Matias et al. [47] and RTC indicators can be considered
more reliable than the ASHRAE 55 ATC model [24] for Andalusian primary and secondary schools in
winter and midseasons, although it can still be used as a comparison tool, especially in midseasons.
Table 10 shows the individual mean values of percentages of dissatisfied obtained, both from
surveys (PDacc from the acceptability/unacceptability question, PDF from ±2 and ±3 TSV values, and
PDacc,d’Ambrosio from TSV) and calculations (PPD from PMV and PDMATIAS and PDASHRAE from their
respective ATC models). It can be seen that PPD (85%) and PDacc,d’Ambrosio obtain a good fit, especially
with PDacc, but overestimate PDF, while PDMATIAS slightly overestimates the occupants’ acceptance,
despite its better fit when grouped by classrooms. In the case of PDASHRAE, results are more than
double those of PDacc and more than triple those of PDF, so it seems it is not suitable for this kind of
regional climate conditions.
Table 10. Comparison of mean percentage of dissatisfied occupants (PD) per classroom: PD calculated
on the base of acceptability criterion from surveys (PDacc) and on the opinions of those who voted
±2 or ±3 (PDF, according to Fanger’s model), percentage of people dissatisfied (PPD) from predicted
mean vote (PMV) with an acceptability criterion of 5% and 15%, PD calculated from TSV according
to d’Ambrosio et al. [23] and PD calculated using the Matias’ ATC model (PDMATIAS) [46,47] and
ASHRAE 55 ATC model (PDASHRAE) [24].
PDacc PDF
PPD PDacc,d’Ambrosio
PDMATIAS PDASHRAE
(95%) (85%) (85%)
Annual 18.0% 12.5% 6.7% 16.6% 22.7% 9.2% 41.1%
Winter 19.6% 13.9% 6.3% 16.2% 22.0% 9.8% 52.9%
Midseasons 16.9% 8.6% 7.8% 17.5% 24.4% 7.7% 10.1%
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The findings suggest that, in general, Mediterranean people are better accustomed to spending
time outside their homes and outside conventional ATC conditions, mainly due to the low thermal
insulation level of traditional envelopes and the widespread lack of use of heating systems [60–64].
Thus, these conditions act as psychological and social factors that probably influence occupants’
thermal sensation, and further research on the topic is required
4. Conclusions
The occupants’ mean thermal sensation (TSV) in southern Spanish classrooms (Mediterranean
climate) is of thermal neutrality during winter (+0.32 on the Fanger scale), and slight warmth (+0.38),
during spring and autumn (midseasons). In both cases, there are major deviations in the opinions
expressed by occupants (about 0.90 points on the Fanger scale, subjectivity of perception), and, in many
cases, these are not equivalent to the thermal preference expressed (mean value of +0.06 in winter
and −0.20 in spring and autumn), in line with the findings of Zomorodian et al. [10]. Widespread
stratification was reported for a quarter of the occupants, both during winter and during midseasons,
and this is not considered acceptable. In addition, the mean operative temperature in heated classrooms
was 20.5 ◦C in winter, so the existing heating systems (hot water radiators) do not completely solve the
classrooms’ thermal loads.
When these regional thermal perceptions are compared with the theoretical values obtained
using the thermal comfort indicators, it can be seen that predicted mean vote (PMV) rational (RTC)
indicator slightly underestimates TSV by 0.3 points on a thermal scale from −3 to +3, but this is
not a clear relation. In addition, occupants’ mean thermal preference (TPV) showed a better fit to
PMV than the thermal sensation, given the slight mean deviation of 0.35 between TSV and TSV. In
contrast, the ASHRAE 55 adaptive (ATC) model can be considered less reliable than the PMV indicator
for the study sample, since there is a high discrepancy between the mean discomfort rate and this
adaptive prediction. However, Matias’ ATC indicator obtains a better approach than the ASHRAE ATC
model to this mean discomfort rate in Mediterranean climate, although there continues to be a slight
discrepancy between them. It is suspected that this difference between ATC models is influenced by
psychological and social factors, since Mediterranean occupants are, in general, accustomed to being
outside conventional ATC conditions in their dwellings. Further research on this topic is required.
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